Smith-Magenis syndrome (SMS) is a disorder characterized by multiple congenital anomalies and behavior problems, including abnormal sleep patterns. It is most commonly due to a 3.5 Mb interstitial deletion of chromosome 17 band p11.2. Secretion of melatonin, a hormone produced by the pineal gland, is the body's signal for nighttime darkness. Published reports of 24-hour melatonin secretion patterns in two independent SMS cohorts (US & France) document an inverted endogenous melatonin pattern in virtually all cases (96%), suggesting that this finding is pathognomic for the syndrome. We report on a woman with SMS due to an atypical large proximal deletion (∼6Mb; cen<->TNFRSFproteinB) of chromosome band (17)(p11.1p11.2) who presents with typical sleep disturbances but a normal pattern of melatonin secretion. We further describe a melatonin light suppression test in this patient. This is the second reported patient with a normal endogenous melatonin rhythm in SMS associated with an atypical large deletion. These two patients are significant because they suggest that the sleep disturbances in SMS cannot be solely attributed to the abnormal diurnal melatonin secretion versus the normal nocturnal pattern.
INTRODUCTION
Smith-Magenis syndrome (SMS) is a multiple congenital anomaly mental retardation (MCA-MR) syndrome characterized by subtle minor craniofacial anomalies, infantile hypotonia, skeletal findings (brachydactyly, short stature and scoliosis), developmental and expressive language delays, mental retardation, maladaptive and self-injurious behaviors, and sleep disturbances. First delineated in 1986 [Smith et al., 1986] , the syndrome is usually due to a common 3.5 Mb interstitial deletion of chromosome 17 band p11.2; however, atypical deletions (larger or smaller) and heterozygous point mutations of the RAI1 gene are also associated with the phenotype [Bi et al., 2006; Girirajan et al., 2005; Gropman et al., 2007; Natacci et al., 2000; Slager et al., 2003] . Several studies have evaluated sleep patterns in SMS patients using subjective and objective measures [Cornelissen et al., 2003; De Leersnyder et al., 2001a; De Leersnyder et al., 2001b; Greenberg et al., 1996; Smith et al., 1998; Smith and Duncan, 2005] . These problems include difficulties getting to sleep, frequent nocturnal awakenings, early sleep offset and daytime sleepiness with a need for daytime naps [De Leersnyder et al., 2001a; Smith et al., 1998 ].
Melatonin, a hormone secreted by the pineal gland in the brain, serves as the body's signal for darkness. Typically, the duration of melatonin secretion is 12 hours, starting 2 hours before habitual sleep onset and returning to daytime low baseline levels 12 hours after onset [Lewy, 1983] . Twenty-four hour melatonin profiles have been studied in SMS in the USA (n=19) [Potocki et al., 2000] and France (n=8) [De Leersnyder et al., 2001a] . Potocki et al. [1997] initially reported abnormal diurnal rhythms of a urinary melatonin metabolite 6-sulphatoxymelatonin (aMT6) in a pilot study of 6 SMS patients, later extended to 19 SMS patients, ranging in age from 8 months to 31 years [Potocki et al., 2000] . Eighteen of 19 SMS patients were documented to have an inverted endogenous melatonin rhythm based on urinary assay of aMT6. Normal urinary aMT6 excretion was described in a single patient (5y old girl, #1153) whose SMS was due to a large uncommon deletion. DeLeersnyder et al., [2001a] investigated the circadian variations in serum melatonin, cortisol and growth hormone among 8 (5M/3F) French children with SMS between ages 4-17 years. Compared to pediatric controls (n=15), SMS children demonstrated an abnormal diurnal melatonin profile with mean melatonin onset (MO) at 6:00AM ± 2.0 (control 9:00 PM±2:00) and peak melatonin at 12:00PM±1:00 (control at 3:30AM±1:30). The total duration of melatonin secretion was also protracted in SMS (15.5hrs±3.5) compared to controls (8hr±1.0). In contrast to diurnal melatonin profile, both serum cortisol and growth hormone followed a normal circadian secretion pattern. Among the 27 SMS patients whose melatonin secretion has been studied, all but one show the novel diurnal melatonin rhythm, with peak values occurring in the morning soon after rising and trough levels occurring at night before bedtime. The inverted melatonin rhythm, felt to be pathognomic of SMS [Gropman et al., 2006] , was postulated to be a cause of the disrupted nighttime sleep and daytime sleepiness in these patients [Potocki et al., 2000] .
We report a second patient with a cytogenetically confirmed diagnosis of SMS and longstanding sleep difficulties who was documented to have a normal pattern of melatonin secretion and light-suppression of melatonin. Repeat molecular cytogenetic studies, pursued to characterize the deletion breakpoints using a variety of current molecular genetic techniques, identified a large complex ∼6Mb proximal deletion from TNFRSFproteinB to the centromere of chromosome 17. Comparison of our patient to the single other published patient with normal melatonin secretion [Potocki et al., 2000] offers new insights about the sleep phenotype in SMS.
CLINICAL REPORT
The patient, a 20 year old woman with cytogenetically confirmed SMS, was referred to the Oregon Health & Science University (OHSU) at 18 years for formal sleep evaluation to further characterize her clinical sleep patterns and melatonin secretion. The studies, described in greater detail in the Methods section, included plasma dim light melatonin onset (DLMO) profiles, which entails having the patient wear dark glasses to block light and then obtaining plasma melatonin levels; melatonin light suppression tests; plasma cortisol levels; actigraphy; and overnight polysomnography. Pertinent/Past Medical History: Retrospective chart review confirmed developmental, behavioral, and physical aspects consistent with SMS. The patient was the 3402 gram term product born to a G3P2 29-year-old mother. Prenatal history was significant for maternal neck injury sustained in an automobile accident at 1 month of gestation with two weeks of prescribed pain medication and phenytoin. Fetal movements were notably diminished throughout pregnancy. Other than neonatal temperature instability, the newborn period was uncomplicated. Family history is non-contributory.
Early motor-milestones were delayed with sitting, crawling, and walking at 8 months, 12 months and 18 months, respectively. Speech was significantly delayed, with single words at 2.5 years, two-three word phrases at 5 years with growling and guttural noises, and full sentences at 8 years; her voice was notably hoarse. Early childhood history was significant for numerous middle ear infections and secondary conductive hearing loss; a moderate bilateral sensorineural hearing loss confirmed at 8 years led to bilateral hearing aid amplification.
At 4 years she had a shortened attention span with hyperactivity with significant shift from generalized flat affect noted in early infancy to emotional lability/volatility, and destructive behavior towards objects as well as self-injurious behaviors, specifically head-banging, selfhitting and nail pulling (fingernails and toenails). By 8 years, her care was complicated by disrupted sleep patterns that included poor sleep consolidation with maximal sleep periods of four to five hours, as well as frequent nighttime awakenings during which she would get up and wander around the house. As a pre-teen she preferred adult attention to peers, was affectionate but socially disinhibited (inappropriate social behavior) and was easily frustrated in school, demonstrating anger and impulse control problems, rapid mood shifts, and aggressive outbursts. Behavior was better in school than in the home setting, with destructive and aggressive behaviors directed towards objects, siblings and her mother. Reliable toileting was not present until 10 years and urinary incontinence remains an issue. The only medication tried for behavior was Dimetapp for hyperactivity. She was medication-free during her admissions.
The patient was first evaluated at OHSU as an infant for high myopia and right esotropia requiring surgery at 1 year. Comprehensive developmental pediatric evaluation between 3.5 years and 11.5 years by the Child Development Program at OHSU confirmed global delays in speech/language, mental processing and cognition, fine motor skills and general development (Table I) leading to the diagnoses of autism and global developmental delay/ mental retardation (MR). A comparison of testing between age 3 years and11 years show her relatively more delayed at age 11. While her scores at 11 years of age are consistent with published data in SMS patients [Greenberg et al., 1996; Madduri et al., 2006; Martin et al., 2006] , the role her maladaptive behaviors played in the measured decline in cognitive function is difficult to assess.
Initial cytogenetic G-banded high resolution chromosome analysis (850 band) pursued at 11 years showed a visible interstitial deletion of 17p11.2 (46, XX, del (17)(p11.2p11.2) consistent with a diagnosis of SMS. Craniofacial findings consistent with the SMS diagnosis ( Fig. 1 ) included broad forehead, low frontal hairline, square-shaped face, deep-set eyes with upslanting palpebral fissures, short upturned nose, short philtrum, open mouth, and maxillary hypoplasia with relative prognathism. Additional manifestations include "self hugging behavior", hoarse voice, small hands and feet with short tapered fingers, mild digital 2-3 syndactyly of fingers and toes, dry skin especially the hands/feet, evidence of decreased sensation to pain, extreme myopia, bilateral sensory neural hearing loss (aided), grade II/VI systolic ejection murmur, early adrenarche (pubic hair at 11 years) with onset of menses at 13 years, truncal obesity and short stature. At 12 years, height was at the 10 th centile, weight at the 50 th centile, and OFC at the 95 th centile; significant weight gain to 55.5 kg (75 th centile) was documented at 13 years coinciding with puberty. Echocardiogram was normal. Routine EEG obtained for suspected seizure disorder was also normal. Clinical follow-up did not show continuing concern for a seizure disorder and no further evaluation or treatment was undertaken.
METHODS

Clinical Sleep Studies
The patient and her family agreed to participate in a pilot study investigating sleep and melatonin secretion in patients with SMS under an IRB-approved protocol at OHSU. The study involved six 24-hour admissions to the General Clinical Research Center at OHSU. The first three admissions were at 18 years; a second round of testing occurred during three admissions two years later. During the first two admissions, plasma melatonin levels were obtained every 30 minutes. These were studied in dim light by having her wear lightsuppressing goggles throughout the admission and minimizing exposure to bright light sources such as television or computer screens. On the third admission, a melatonin suppression test was performed by administering a pulse of 2000 lux of light for 1.5 hours at the predicted peak of melatonin secretion. During the second round of testing, hourly plasma cortisol levels were also measured during the fifth admission, concurrent with dim light melatonin levels. Actigraphy data were collected for the six-week periods encompassing admissions at both ages to measure her activity/rest patterns in the home setting.
Melatonin and Cortisol Analysis
Since patients with the common SMS deletion have been shown to have inverted melatonin rhythms [De Leersnyder et al., 2001a; Potocki et al., 2000] , we first measured the melatonin profile of the patient. Additionally, we investigated whether her melatonin secretion was suppressed by exposure to light in the normal fashion [Lewy et al., 1980; Lewy et al., 1981] . Blood was drawn from the patient through an intravenous saline lock and centrifuged; the plasma was then decanted into clean tubes and stored at −20º C according to the protocol described by Lewy et al. [2005] . The plasma melatonin concentrations were measured by radioimmunoassay using an antibody raised in the laboratory of Kennaway [Earl et al., 1985; Voultsios et al., 1997] and reagents supplied by ALPCO Diagnostics (Windham, NH) . This assay has a lower sensitivity limit of 0.5 pg/ml, and it was validated by GCMS [Lewy and Markey, 1978; Lewy and Sack, 1997 ]. An automated Immulite chemiluminescent assay system (Diagnostic Products Corporation, Los Angeles) was used to measure plasma cortisol levels (analytical sensitivity was 0.2 µg/dL, average intra-assay coefficient of variation was 7.3%, and inter-assay coefficient of variation was 8.5%).
Polysomnography and Actigraphy
In order to determine the patient's sleep patterns and to rule out the presence of another primary sleep disorder, actigraphy and overnight polysomnography were performed. A single night of outpatient, overnight polysomnography was performed at the OHSU Sleep Laboratory during the second round of admissions at 20 years. This recording was performed using Tyco Sandman Elite Sleep Diagnosis Software version 6.0 with MMC amplifiers (Nellcor Puritan Bennett (Melville) Ltd. Kanata, Ontario Canada) and an infrared video camera. Four channels of electroencephalography (EEG) were recorded (C3-A2, O1-A2, C4-A1, O2-A1). In addition to the EEG, polysomnography included two channels of electro-oculogram (EOG); 3 channels of electromyogram (EMG) covering cheek, submental, and leg musculature; one channel of electrocardiogram; one channel of airflow using a standard thermister; and two channels of chest and abdominal excursions; and pulse oximetry. The polysomnography data were analyzed for sleep efficiency, latency to sleep onset, REM latency, and percentage of time spent in each sleep stage [Rechtschaffen and Kales, 1968] . The subject wore an activity monitor (Actiwatch®) for 6-weeks in the home setting encompassing admissions at both ages. The Actiwatch® is a wristwatch-sized instrument that contains an accelerometer and provides an objective measure of motor activity, which allows indirect assessment of sleep/wake patterns. Measurements such as these are called actigraphy and are useful for the evaluation of patients who are suspected of having a circadian rhythm abnormality [Morgenthaler et al., 2007] . Sleep onsets, sleep offsets, and sleep efficiency were calculated automatically using the Actiware® software (Mini Mitter/Respironics, Bend, OR) following manual entry of estimated onset and offsets. The data were expressed as activity counts per 1-minute epoch and were stored in on-board memory. Downloaded data were expressed graphically as actigrams. An event marker was used by the patient (with assistance from the caregiver) to record in-bed and out-of-bed times to improve computation of sleep onset and sleep offset times. Activity recorded during the sleep period was used for sleep efficiency calculations. In the case of an occasional missing or anomalous event marker, the rater referred to sleep diaries, which were kept by her care caregiver, for the onset/offset estimate.
Molecular Genetic Studies
Peripheral blood, collected from the patient and her parents, was employed for extraction of genomic DNA and for Epstein Barr Virus (EBV) immortalization of B-lymphocytes, using standard protocols. G-band cytogenetic analysis (750 band level) included fluorescent in situ hybridization (FISH) of the proband's chromosome preparations. DNA clones for FISH analysis included probes specific for the RAI1 locus (RP1-253P7), a distal SMS-REP (RP11-416I2) and a proximal SMS-REP (RP5-836L9) 17p probe. Additional Bacterial artificial chromosome (BAC) probes for FISH were also used to validate comparative genomic hybridization (CGH) findings, including: RP11-219A15 and RP11-218E15. Chromosome analysis with FISH for the RAI1 locus was also completed on both parents.
Microsatellite marker analysis (STRP) using standard protocols was performed on genomic DNA from the patient and her parents to determine the parental origin of the deletion. STRP markers were located using UCSC Genome Bioinformatics: http://www.genome.ucsc.edu/. Additional tandem repeats in the region were located using DNA sequence from UCSC Genome Bioinformatics (hg18) and Tandem Repeats Finder: http://tandem.bu.edu/trf/trf.html [Benson, 1999] . Primer sequences for these repeat regions were identified using Primer3: http://primer3.sourceforge.net/. The PCR products were separated and analyzed using the Genetic Analyzer 3100 (Applied Biosystems).
Comparative whole genome hybridization array (CGH) was performed using the Agilent® 244K, Human Genome CGH kit allowing an average probe spatial resolution of 9 Kb. Patient DNA was labeled and cohybridized against DNA from a normal female control. Array slides were scanned using an Agilent® microarray scanner, data were extracted from images with Feature Extraction 9.5 software (Agilent®), and CGH profiles were generated using CGH-analytics 3.2 software (Agilent®). Gains or losses were considered if present on at least three tailing probes to avoid false positives.
RESULTS
Melatonin and Sleep
Melatonin Profile: Fig. 2 shows the patient's melatonin profile at the third 24-hour admission. All three profiles obtained from the first round of admissions show a reproducible rise in dim light melatonin onset around 20:00 hours and a fall about 08:00 hours. The patient's melatonin profiles were not significantly different from published melatonin profiles and melatonin suppression tests in normal volunteers [Czeisler et al., 1995; Danel and Touitou, 2006; Lewy et al., 1981] . Melatonin suppression was observed after 2000 lux of light was administered between 23:00 hours and 00:30 hours on the third admission. Dim light melatonin onset at 20:00 hours and offset at 08:00 hours, and melatonin suppression to light at age 20 years were identical to those values at age 18 years (results not shown). The 24-hour cortisol profile was normal with a peak at 08:00 hours and nadir at 02:00 hours (data not shown). Actigraphy showed that she had generally decreased levels of activity between 00:00 hours and 06:00 hours but these results were notable in that the period of relative quiet was also punctuated with brief bursts of activity. Standard overnight polysomnography was notable for poor sleep efficiency (69.7%), delayed sleep onset (67.2 min), frequent arousals, and a prolonged wake period from 01:45 to 02:45 (Fig.  3) . No significant sleep disordered breathing was present (apnea-hypopnea index = 3.2), with most events being during REM sleep. Sleep staging was notable for increased non-slow wave sleep and very little slow wave sleep with normal amounts of REM (Stage 1:14.5%, Stage 2 = 63.6%, Stage 3 and 4 = 1.1%, REM = 20.8%). There were no significant leg movements. There was no evidence that another primary sleep disorder was significantly contributing to her sleep problems.
Molecular Genetic Analyses
Repeat molecular cytogenetic studies confirmed a de novo deletion in the patient (46,XX,del(17)(p11.2p11.2). Normal karyotypes without evidence of deletion by FISH (RAI1) were identified in both parents. FISH analysis of metaphase cell preparations on the patient showed deletions for all three FISH probes covering the SMS common deletion: RAI1 region (clone RP1-253P7), distal SMS-REP (RP11-416I2) and proximal SMS-REP (RP5-836L9). The more proximal FISH probe (RP11-218E15) and more distal probe (RP11-219A15) were not deleted (Fig. 4) . Genotyping using microsatellite markers (STRP) demonstrated the deletion to be paternally derived (Fig. 4B) and that the deletion extended beyond the proximal SMS -REP region indicating a larger than a typical deletion.
High resolution CGH (Fig. 4A) confirmed the large deletion on the centromeric part of 17p, spanning from the centromere to the distal SMS-REP; a minimum deletion of 5.56 Mb based on the coordinates of the first deleted probes flanking the deletion breakpoints: 16,578,627 to 22,142,572 bp. The first gene affected on the telomeric side was TNFRSF13B and last deleted gene on the centromeric side was FAM27L. However, the large deletion did not appear to be completely hemizygous from TNFRSF3B to FAM27L. At two localizations the CGH ratio between control and patient DNA were normal, indicating that these two short intervals were potentially non-deleted on the patient's chromosome. The first interval was between 18, 265, 564 and 18, 470, 630 (350 Kb) and the second between 20,414,682 to 20,582,325 (167 Kb) (Fig. 4) . Non-deletion of the second interval was confirmed by a FISH probe of BAC RP11-218E15 (Fig. 4B) .
DISCUSSION
Smith-Magenis syndrome is a complex MCA-MR syndrome that includes significant sleep disorder characterized by decreased total nighttime sleep for age, frequent and prolonged nocturnal awakenings, early morning sleep offset (05:00-06:00) and excessive daytime sleepiness (increased napping). Based on thirty-six published patients undergoing polysomnography (PSG) studies (see Table II ) [De Leersnyder et al., 2001a; Potocki et al., 2000] , sleep cycle abnormalities were objectively documented in most cases, including specific sleep stage abnormalities with respect to rapid eye movement and slow wave sleep identified in over 50%. Reduced total sleep time (<7hr) was documented in 55.6% (20/36); disrupted REM sleep in 72% (26/36); and frequent spontaneous nighttime awakenings in 86% (31/36). The parentally reported daytime sleepiness (napping) that occurs secondary to chronic sleep disruption was objectively evaluated by MSLT with a reduced latency (<10 minutes) to fall asleep during the daytime identified in half (13/26) of the studied cases [Potocki et al., 2000] .
Wrist activity derived sleep estimates using the Actiwatch TM documents disrupted sleep patterns that begin in infancy and continue into adulthood [Gropman et al., 2006] . Infants as young as 1 year show decreased 24-h sleep for age, a pattern that continues into early childhood and school age years; on average, children with SMS generally sleep 1-2 h less per 24 h compared to healthy age-matched controls [Gropman et al., 2006] . While children under 10 years demonstrate increased nocturnal arousals during the second half of the night, children over 10 years appear to have increased evening arousals and more difficulty initiating sleep ("settling"), a pattern often seen in healthy teenagers [Gropman et al., 2007] .
The inverted melatonin secretion that occurs in SMS distinguishes the sleep disturbance in SMS from that seen in other children with developmental disabilities. Two independent studies have documented an inverted circadian melatonin rhythm characterized by daytime highs/nighttime lows that appears to be pathognomic of SMS (Table II) . Potocki et al., [2000] assayed 6-sulphatoxymelatonin (aMT6s) in 24-hour urine samples in 19 patients with SMS, 16 of whom had common deletions and three with atypical deletions. Eighteen of the 19 demonstrated the novel inverted melatonin rhythm. The single published case with a normal melatonin rhythm was a 5-year-old girl (#1153) found to have an uncommonly large deletion of 17p11.2 [Potocki et al., 2000] . Although this patient's deletion was not fully characterized in this early report, multiple FISH probes (ZNF179, COPS3, FLI, MFAP) were deleted and the SMS junction fragment associated with common deletion cases was not present on pulsed field gel electrophoresis [Potocki et al., 2000] . Published molecular data pertaining to this same case appears in subsequent reports confirming a large distal 5Mb deletion of paternal origin that spans from CTD-3157E16 to RP11-281E15 [#1153 in [Stankiewicz et al., 2003 ].
De Leersnyder et al., [2001a] studied 24-hour serum melatonin, cortisol and growth hormone in 8 (5M/3F) children with FISH confirmed SMS (ages 4-17 years) compared to healthy age matched controls (n=15). The SMS group (n=8) all showed a phase shift in melatonin secretion with melatonin onset at 06:00 +/− 2h (control group 20:00 +/− 2) and peak at 12:00 +/−1h (control group: 03:30 +/−1:30h). Compared to controls, all eight SMS patients showed an increased total duration of melatonin secretion (SMS 15.5hr vs. controls 8h) and higher melatonin peak values (SMS 94pg/mL vs. 76 pg/mL Controls). In contrast, 24-hour profiles of serum cortisol and growth hormone were consistent with expected normal circadian phase of secretion.
The degree of variability of melatonin secretion patterns in SMS is not known, since only a limited number of cases have been studied biochemically. However, among the 27 SMS patients in whom 24-hour melatonin secretion was analyzed, 26 (96%) exhibit a diurnal melatonin rhythm shifted by about 12 hours from the normal pattern of secretion [De Leersnyder et al., 2001a; Potocki et al., 2000] . This inverted pattern was also dissociated from normal cortisol and growth hormone secretion patterns [De Leersnyder et al., 2001a] .
The fact that melatonin was measurable in daytime serum samples collected under hospital room light conditions [De Leersnyder et al., 2001a] suggests that the expected suppression of melatonin secretion by light is abnormal in SMS.
The present study represents the second case report of a patient with both an uncommonly large 5.56 Mb proximal SMS deletion and a normal melatonin rhythm. She demonstrates a normal expected light suppression of melatonin and a normal cortisol rhythm consistent with the cortisol profiles of SMS patients who have inverted melatonin cycles [De Leersnyder et al., 2001a ]. Moreover, she shows the typical pattern of poor nighttime sleep consolidation seen in SMS patients [Greenberg et al., 1996; Potocki et al., 2000; Smith et al., 1998 ]. Because only one night of polysomnography was performed, adjustment to the unfamiliar environment in the sleep laboratory, a phenomenon called "first night effect", was a potential confounder. However, the data from the sleep study was consistent with her actigraphy data, suggesting that a first night effect was not a major issue. Overall, the poor nighttime sleep consolidation seen in our patient is significant because it suggests that the disrupted sleep patterns in persons with SMS are not directly linked to disruption of their melatonin rhythm.
Both the patient and patient #1153 reported by Potocki et al. [2000] demonstrate normal melatonin rhythm in combination with disrupted sleep cycles in association with large paternally derived deletions. Comparisons of molecular deletion data for our case (#2452) are summarized in Fig. 4 illustrating FISH, STRP genotyping and CGH array results. Though the patient #1153 was reported by Potocki et al. [2000] , the breakpoints were published by Stankiewicz et al. [2003] indicating a large distal deletion. As summarized in Table II , 26/28 (93%) SMS cases demonstrate inverted melatonin; only two published cases, both associated with large atypical deletions (2/28; 7%), exhibit normal melatonin rhythm. Among the twenty SMS cases whose deletion size has been specified (excludes [De Leersnyder et al., 2001a] ), the association between deletion type (common vs. atypical) and melatonin pattern (inverted vs. normal) was statistically significant (p=.0315; two-tailed Fisher's Exact probability test).
These two cases suggest that simple disruptions in melatonin rhythm cannot solely account for the sleep problems seen in SMS patients. One hypothesis, put forth by De Leersnyder et al., [2001a] , suggests that the sleep and melatonin abnormalities may be caused by intrinsic dysfunction of the circadian clock. However, the findings of a normal 24-hour rhythm for both cortisol and growth hormone, and recent reports that 24-hour body temperature rhythm is not inverted, argues against the hypothesis of an inverted central clock [Duncan et al., 2004; Gropman et al., 2006] . It is possible that the genetic mechanism that underlies the inverted melatonin remains intact in these two patients. Published clinical reports of RAI1 mutation cases offer subjective evidence of sleep disturbance; however, few have been studied using objective measures to quantify the sleep disturbance and/or melatonin pattern. A recent abstract/preliminary report of urinary aMT6s studies in two SMS RAI1 mutation cases identified inverted melatonin rhythms in both; however, sleep cycle abnormalities using objective polysomnography were only documented in the youngest of the two (ages 11 years and 27 years) [Dang et al., 2007] .
Regulation of melatonin secretion may stem from disruption and/or functional regulation of a gene(s) within the common deletion interval or at/near the breakpoints. Within the SMS critical region on chromosome 17, the gene COPS3 (17090864-17125316) encodes subunit 3 of the COP9 signal transduction complex [Potocki et al., 1999] . Wei et al. [1998] reported that the entire COP9 complex is related to the 26S proteasome regulatory complex. The latter has been associated with control of the rate-limiting step in melatonin metabolism by N-acetyltransferase. Thus, there is indirect evidence linking subunit 3 of the COP9 complex with melatonin metabolism.
Since COPS3 is located within the common deletion interval, most individuals with SMS, including our patient, are haploinsufficient for COPS3. It may be that COPS3 haploinsufficiency is more tightly linked to the clinical phenotype of disrupted sleep in SMS patients. It is not known whether COPS3 haploinsufficiency represents a marker for sleep disruption in SMS or whether it is the primary biochemical defect. However, Elsea et al. [1999] evaluated the impact of COPS3 haploinsufficiency in lymphoblast cell lines developed from SMS patients. They found that COPS3 was present at normal levels and COP9 signalsome complex assembly appeared unaffected, but could not rule out an effect of COPS3 haploinsufficiency during development.
The fact that both cases have paternally derived deletions is consistent with Shaw et al. [Shaw et al., 2004] who analyzed uncommon recurrent deletions of 17p11.2 and documented a bias toward paternally derived deletions in contrast to common deletions, which do not exhibit a parent of origin effect [Greenberg et al., 1991; Shaw et al., 2004] . However, the deletion is more distal in #1153 compared to the large proximal deletion in our case (2425). Objective investigation of melatonin patterns and careful characterization of sleep cycle abnormalities in persons with SMS with well-characterized deletions are required to further validate these findings. Elucidation of the gene(s) and underlying mechanism that lead to the unusual inverted circadian melatonin rhythm that occurs in this rare syndrome will be a major contribution to understanding human circadian biology.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Plot of clock time (x-axis) versus plasma melatonin concentration (y-axis) showing the normal pattern of melatonin rise in the evening and nadir in the middle of the day for our patient at age 18 years old. This profile was obtained on the third admission and is nearly identical to those obtained on the first two admissions. It illustrates the peak onset of melatonin occurs at about 2200 hours. It also shows that giving a pulse of bright light (indicated by the rectangles) temporarily inhibits melatonin secretion as shown by the drop in melatonin concentration, which rebounds after the light is stopped. This pattern of inhibition of melatonin secretion by light is typical and further illustrates that melatonin secretion and response to light is not abnormal in our patient. Hypnogram showing clock time plotted on the x-axis versus sleep stage on the y-axis taken from standard overnight polysomnography on our patient. This figure demonstrates that compared with normative data [Lavie, 2001; Wilson and Nutt, 2008 ] the patient had increased sleep fragmentation and an extended period of wakefulness between 01:45 and 02:45 AM. Molecular cytogenetic characterization of the deletion in the patient (2452). A) CGH analysis of chromosome 17 for the proband 2452. Ideogram of the chromosome (below), and the CGH profile scaled to the whole chromosome(middle) is shown along with expansion (top) of the deleted area. The zoomed area (15.5 Mb to 23.3 Mb) includes black spots corresponding to the array CGH probes with "balanced" ratio between control and patient DNA, and green spots showing lower ratio corresponding to the "deleted" region. A CGH profile of the whole chromosome (blue line) gives the mean value of the CGH ratios for 5 consecutive spots. B) The STRP analysis and FISH mapping of the region for the patient 2452 are shown adjacent to the green line representing CGH data. The loss of the paternal alleles (open rectangles) or the presence of both alleles (filled rectangles) for the informative STRP markers are shown. The FISH signals (red) for the BAC RP11-219A15 shows the retention of two copies whereas that for the BAC RP5-836L9 shows deletion of a copy: Green signals indicate a reference probe on 17q or at centromere, respectively.
The two BAC clones, CTD-3157E16 and RP11-218E15, in which the distal and proximal breakpoints for the patient 1153 are reported to reside, are indicated (red rectangles) [Stankiewicz et al., 2003] . The sequence coordinates of all the elements shown in this figure, along with the sequence and allele sizes of the STRP markers in the proband 2452 is shown in Supplementary Table I. (Potocki et al., 2000) .
